Abstract. In the present study, the effect of machining parameters and recrystallization on surface quality of Al5083 has been investigated. In order to achieve minimum surface roughness of aluminum 5083 samples, statistical test design method of "full factorial" was used. In order to achieve the phenomenon of recrystallization, aluminum 5083 samples were set under 50 % cold rolling mechanical operations. Then, the rolled samples were annealed for 2.5 to 240 min at 250 • C. The stress-strain curves were obtained from tensile tests. Then, dry machining was carried out on the original and crystallized samples under the same conditions. Results of surface roughness, tensile, and microstructure tests indicated the reduction of surface roughness in the crystallized sample.
Introduction
Aluminum alloys are widely used in aerospace, marine, and automotive industries as material for lightweight structures. In this regard, the hard alloy of aluminum 5083 is preferred due to its acceptable strength, good corrosion resistance and weld ability. Obviously, the development of the capacity of plasticity in this material will increase its potential fo r these applications (Sukumar et al., 2014; CRTD, 1994) . Surface roughness is one of the factors affecting the mechanical properties such as corrosion resistance, abrasion resistance, flexibility, fatigue behavior, etc. Therefore, it is one of the effective parameters that cannot be neglected in designing. Figure 1 shows the fish bone diagram of the parameters affecting surface roughness (Routara et al., 2009) .
A number of empirical studies have concentrated on the surface roughness of aluminum alloys. Kiswanto et al. (2014) carried out research on the impact of spindle speed, feedrate, and time of machining on surface roughness of aluminum 100 alloy by micro-milling operations. They concluded that surface roughness decreases by increasing the spindle speed, while it increases as the time of machining passes and the feed-rate increases (Kiswanto et al., 2014) . Results of machining of aluminum alloys using designing test methods indicate that minimum surface roughness can be achieved by maximum cutting speed and minimal feedrate (Pinar, 2013; Wang and Chang, 2004; Tammineni and Yedula, 2014; Rawangwong et al., 2012 Rawangwong et al., , 2014 . Clack et al. examined the surface roughness of Aluminum 6061-T8 using genetic algorithm. The practical results of this study were consistent with genetic algorithm (Colak et al., 2007) . The optimization process of the aluminum surface roughness was examined in light of machining parameters (Sukumar et al., 2014 , Arokiadass et al., 2011 , Oktem et al., 2005 Nair and Govindan, 2013; Vakondios et al., 2012; Zhang et al., 2007) . Mahesh and Rajesh (2014) carried out 27 experiments to optimize the parameter of CNC machining process on aluminum 7075-T6 alloy using Taguchi fuzzy logic (Mahesh and Rajesh, 2014) . The results of high-speed milling on aluminum alloy shows that a minimum surface roughness can be achieved by maximum cutting speed and a minimum feed-rate, and that the cutting speed has the highest impact on the quality of surface (Wang et al., 2013; Xiuli et al., 2010) . Premnath et al. (2012) carried out a study on the surface roughness of combined aluminum surface by using predicted response of surface. The milling insert was tungsten carbide, and the variable parameters were rotational speed, and various compositions of aluminum (Premnath et al., 2012) Amran et al. did a study about the impact of machining parameters on the surface roughness of aluminum alloys during the drilling process. In their study, 20 tests were conducted with parameter variables including speed spindle, and drill diameter by surface response method (Amran et al., 2013) . Kuttolamadom et al. (2010) studied the effect of feed-rate on the surface roughness of aluminum 6061 (Kuttolamadom et al., 2010) . Lo et al. (2005) investigated the surface roughness of aluminum 6061 by three face-millings of various kinds by the Taguchi method and laser scattering. They finally concluded that high-speed steel face-mill had the best quality in terms of surface roughness (Lo et al., 2005) .
Even though a large number of researches have been carried out on the parameters that affect surface roughness of Al5083 (Maeng et al., 2003) , however, the simultaneous effect of recrystallization and cutting speed on surface roughness is still a challenge for researchers. Accordingly, this study aims to investigate the effect of machining and recrystallization parameters on Al5083 surface roughness. For this purpose, at first a series of tests were done on the aluminum 5083 sample to achieve optimal machining parameters for minimal surface roughness. Then, the effect of cutting speed on the surface roughness of crystallized aluminum 5083 sample was evaluated. Finally, the results of experiments were analyzed by using roughness measurement test, tensile measuring test, and also the images of microstructures.
Materials and methods

Sample preparation and microstructural study
Commercially available Al5083 plate with chemical composition as shown in Table 2 has been taken as the starting material in this research. For metallography and mic- trostructural investigation, at first, samples with dimensions of 1 cm × 1 cm were prepared by using the abrasive paper No. 100 to 2000. Then the samples were polished with diamond and alumina powders. After polishing, all samples were etched in chemical solution containing 50 mL of Poulton's reagent was mixed with 25 mL of HNO 3 and 40 mL of a composition of 3 g of chromic acid with 10 mL of water (Singh et al., 2013) for 1min.
In order to study microstructure, optical microscope (Model: Olympus) was employed.
Mechanics of the cutting tool
For the tensile test the designing of the samples was done based on the ASTM E8 standard by using Solid Works 2013 software, and the programming for machining was done by using Power Mill 10 software. Then, the three-axis NC milling machine (Syntec 10A model) with the maximum spindle speed of 9000 rpm, feed-rate of 10 mm min −1 , 7.5 KW motor drive, and Siemens control was used for machining the samples. Figure 2 shows the machine used in this study.
The tools used for dry machining included carbide tools coated with TiAIN (Seco model) with a diameter of 12 mm, the tool tip radius of 0.8 mm, and a spiral angle of 30 • .
In this study, a similar tool was used for both experiments so that the tool wear parameter does not affect the results.
Roughness and hardness measurements
Many factors affect the machined surface roughness such as workpiece variables, tool variables and machining process variables. One example of workpiece variables is hardness, and some examples of tools variables include quality, tip radius and geometry of cutting. The cutting speed and depth of cutting are also regarded as machining variables (Li and Kishawy, 2006). In this study, in order to evaluate the surface roughness of the machined samples a roughness gauges device was used and its characteristics are given in Table 1 . Hardness measuring was done by a universal hardness tester (uv1 model). At least three hardness measurements were done in each area and the average Rockwell B hardness was reported.
Design of experiment
In order to achieve a more accurate model of mutual impacts of three independent parameters of speed, feed-rate and depth of cutting on the dependent factor of surface roughness, full factorial experimental design was used. All the possible combinations of surface were considered, and the number of required tests equals the number of surfaces to the power of number of parameters (3 3 = 27). One surface was also considered for each parameter. Table 3 shows the investigated parameters of the test. In addition, Minitab 16 software was used to examine the impacts of data.
Results
The results obtained from the average surface roughness in Table 4 indicate that plastic deformation was facilitated and the friction decreased with the increase of the cutting speed. As a result, the asperities and the filled edge of surface created by machining was reduced to a minimum and the surface roughness was reduced. The improvement in surface quality was obtained by maximum cutting speed of 300 m min −1 . By increasing the feed-rate, the surface roughness increased so that with the least feed-rate, i.e. 100 mm min −1 , the best quality of the surface was achieved. Also the depth of cut had no regular impact on the surface roughness of aluminum sample but with the least cutting depth, i.e. 0.5 mm, the best quality of surface was obtained. The average roughness for the original, rolled, and crystallized samples with different speeds is shown in Table 5 .
Discussion
The main and mutual impacts of independent parameters on the surface roughness factor, which was designed by the Minitab 16 software, are shown in Fig. 3 . As can be seen in this figure, cutting speed has the highest impact on surface roughness, which is due to the high difference in the height of points. Thus, by increasing of the cutting speed, the quality of surface roughness improved. As expected, with increasing of the feed-rate, the surface roughness increased and it was observed that the depth of cutting has little effect on surface smoothness. According to Fig. 4 , high hardness (72 RB) is observed in the 50 % cold-rolled sample due to the increased density of the sample. Hardness was reduced from min 2.5 to 5, but an increase can be seen in hardness of the samples from min 5 to 10: it increases from 55.87 RB in the original sample to its maximum of 61.9 RB after min 10. The hardness of samples also decreased from min 10 to 240.
Images of metallography in Fig. 5 show that the new coaxial grains are not formed in min 2.5.
A decrease can be seen in the size of grains from min 5 to 10, so that the size of grains reached to its minimum of 27 microns in min 10. The size of grains also increases from min 10 to 240 and finally reaches to 85 microns where it remains almost constant. Based on the results of hardness and metallographic images, recrystallization phenomenon occurred in min 10.
The reason for hardness variations can be explained in light of recrystallization phenomenon. After 50 % cold working on the sample, due to dramatic increase in density of dislocations and also residual energy in the sample, the hardness value reaches 72 RB. After annealing at 250 • C for 5 min, the internal energy decreases. At the same time, the density of dislocations decreases as well, which leads to the reduction of hardness to about 42 RB. As can be seen from the figure displaying microstructure (Fig. 5a ), at 5 min the new recrystallized grains have not been formed yet and the decrease of hardness is due to the decrease in density of dislocations. By increasing the annealing time to 10 min, the sample hardness remarkably increases to 61.9 RB, which is due to the formation of recrystallized grains and decrease of grain size. According to Petch-Hall relation (σ Y = σ i + K Y /D 1/2 ), the strength and hardness increase as the grain size becomes smaller because the grain boundaries act as barriers against the movement of dislocations, hence leading to the rise of strength as well as hardness.
It is worth considering that in order for recrystallization to be initiated, a minimum cold work is required. The more the percentage of cold working, the higher the energy and the greater the number of formed grains. Also, the structure will be more fine-grained. In our study, the amount of cold work was 50 %. As can be seen in Fig. 5b , the fine recrystallized grains are formed. These grains are smaller compared to those in Fig. 5a .
With increase of the annealing time from 10 to 240 min, the sample hardness dramatically declines to less than 30 RB, which is due to the extreme decrease of dislocations density and growth of recrystallized grains (Fig. 5c-g ).
Dry machining was done under constant conditions for the samples annealed at 250 • C similar to the original sample and with optimized parameters. By investigation of Fig. 6 , it becomes clear that the minimal surface roughness can be seen in min 10 which is due to the recrystallization phenomenon. Surface roughness increases from min 10 to 240 and remains almost constant.
As can be seen in Fig. 7 , in the 50 % rolled sample, high strength and little strain can be observed. Due to the high strain and low strength, higher surface roughness is seen in the original sample compared to the crystallized sample; however, better surface roughness is seen in the crystallized sample.
The machining was done on the crystallized samples with different cutting speeds and optimized parameters of feedrate and constant cutting depth. By comparison of roughness measurements in Table 5 it becomes clear that surface roughness decreases as the speed increases. In addition, by comparing roughness of the original sample with the crystallized one, it can be concluded that the surface roughness in the crystallized sample is less than the original sample due to the increase of hardness and the decrease in the grain size.
Conclusions
The effect of the parameters of the cutting speed, feed-rate and depth of cutting on the surface quality of aluminum 5083 was achieved by "full factorial" design method. Also, the effect of the cutting speed on the surface roughness of crystallized aluminum 5083 was investigated. The results of the analysis are as follows:
1. The minimum roughness (0.41 micron) was observed in experiment 19. From the results obtained from machining, it can be said that in order to reach an ideal surface roughness, maximum cutting speed (300 mm min −1 ), minimum feed-rate (100 mm min −1 ), and minimum cutting depth (0.5 mm) should be taken into consideration among the current machining parameters.
2. With 50 % of cold working and annealing temperature of 250 • C, recrystallization starts at 10 min.
3. In the recrystallized sample, because of minimum grain size and maximum hardness (61.9 RB), the best surface quality (i.e. minimum roughness: 0.41 µm) was achieved.
